Specification of cardiac primordia and formation of the Drosophila heart tube is highly reminiscent of the early steps of vertebrate heart development. We previously reported that the final morphogenesis of the Drosophila heart involves a group of nonmesodermal cells called heart-anchoring cells and a pair of derived from the pharyngeal mesoderm cardiac outflow muscles. Like the vertebrate cardiac neural crest cells, heart-anchoring cells migrate, interact with the tip of the heart, and participate in shaping the cardiac outflow tract. To better understand this process, we performed an in-depth analysis of how the Drosophila outflow tract is formed. We found that the most anterior cardioblasts that form a central outflow tract component, the funnel-shaped heart tip, do not originate from the cardiac primordium. They are initially associated with the pharyngeal cardiac outflow muscles and join the anterior aorta during outflow tract assembly. The particular morphology of the heart tip is disrupted in embryos in which heart-anchoring cells were ablated, revealing their critical role in outflow tract morphogenesis. We also demonstrate that Slit and Robo are required for directed movements of heart-anchoring cells toward the heart tip and that the cell-cell contact between the heart-anchoring cells and the ladybird-expressing cardioblasts is critically dependent on DE-cadherin Shotgun. Our observations suggest that the similarities between Drosophila and vertebrate cardiogenesis extend beyond the early developmental events.
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heart ͉ shotgun ͉ slit M orphologically, the simple tubular heart of Drosophila differs from the highly organized vertebrate heart. However, the specification of cardiac primordia in both Drosophila and vertebrate embryos is under the control of conserved genes encoding Nkx2.5/Tinman, GATA/Pannier, T-box/Dorsocross/ Mid/H15, Mef2, and Hand families of transcription factors (1) . The common genetic control mechanisms underlying the early steps of heart development are consistent with the fact that the vertebrate heart, like in Drosophila, initially forms from migrating bilateral primordia, which fuse and give rise to a linear heart tube (2) . These similarities suggested that Drosophila may serve as a model system for studying the early steps of vertebrate heart development. A broad amount of data has been generated based on this assumption, revealing that although structurally simple, the Drosophila heart is composed of discrete subsets of cardioblasts and pericardial cells, making it more complex than previously thought (3) (4) (5) . Both cell types can be subdivided into subpopulations expressing a cell subset-specific combinatorial code of transcription factors (6) (7) (8) (9) (10) (11) (12) (13) . Such a subdivision suggests that different subsets of cardiac cells differentiate into functionally distinct heart components-a possibility that is supported by the finding that the Svp/Doc-positive pair of cardioblasts has the capacity to develop into the inflow tract (ostial) cells (9, 14) , whereas the four Tin-expressing cardioblasts adopt a cell fate of ''working myocardium'' (15) .
Interestingly, in addition to the diversification of cardioblasts and pericardial cells within the segments, the entire heart organ undergoes morphogenetic changes along the anterior-posterior (A-P) axis. The A-P patterning of the heart underlies the functional subdivision of the cardiac tube into the heart proper (A8 to mid-A5) and the anterior part named the aorta (mid-A5 to T2) and is controlled by Hox genes, which are regionally expressed within the cardiac tube in nonoverlapping domains (16) (17) (18) (19) . The posteriorly located cardioblasts expressing Abdominal A (AbdA) give rise to the morphologically enlarged proper heart, whereas those expressing Ultrabithorax (Ubx) adopt a distinct morphological and functional identity specific for the aorta. Following the same rule, among the Svp/Doc cardioblasts, only those expressing AbdA in the posterior part of the cardiac tube will develop into the ostiae and form the inflow tract for the hemolymph. Interestingly, the most anterior part of the Drosophila heart also undergoes specific morphogenesis to form a funnel-shaped outflow tract (OFT) (20) . The particular shape of the cardiac OFT depends on interactions among the heartanchoring cells (HANC), the tip of aorta, and a pair of associated cardiac outflow muscles (COM) (20) . The pair of COM muscles grows out from the pharyngeal mesoderm and attaches dorsally to the HANC cells and to the most anterior pair of Ladybird (Lb)-expressing cardioblasts in the aorta, thus ensuring a ventral bending of the heart tip. The HANC cells originate from the dorsal head epidermis and migrate toward the heart as a leading edge of an epithelial fold named the dorsal pouch. Interestingly, it has been shown that the vertebrate heart develops from two distinct myocardial precursor cells derived from (i) trunk mesoderm and (ii) pharyngeal mesoderm (secondary heart field). The formation of the cardiac OFT depends on cells derived from the pharyngeal mesoderm (21) and also involves a subpopulation of migrating nonmesodermal neural crest cells expressing Lb/ Lbx1 (22) (23) . Thus, the identification of COM muscles originating from the pharyngeal mesoderm and the epidermally derived Lb-expressing HANC cells as components of the Drosophila cardiac OFT suggests an additional similarity between the Drosophila heart and the vertebrate heart.
Prompted by this similarity, we attempted to better understand the roles of different OFT components and the mechanisms that control the assembly of the OFT. We found that the most anterior cardioblasts (ACBs) are initially associated with COM muscles, suggesting that, like COMs, they arise from the pharyngeal mesoderm. During OFT assembly, ACBs form a key OFT component, the funnel-shaped tip of the heart. Thus, COMs not only contribute to the positioning of the heart tip but also ensure the direct link of ACBs with the heart tube. The final OFT morphogenesis also critically depends on HANC cells and is compromised after targeted HANCs ablation.
To gain insights into signals governing OFT assembly, we first focused on the Slit-Robo signaling pathway, which has been shown to be involved in neural crest cell migration in vertebrates (24) (25) , in Drosophila heart morphogenesis (26) (27) (28) , and in the attraction of muscles to their attachment sites (29) . We also tested the expression and function of DE-cadherin Shotgun (Shg), which is known to play important functions in the morphogenesis of the cardiac tube (30) .
We found that Slit, Robo, and Shg play instrumental roles in the assembly of the OFT. In shg, slit, and double robo/robo2 mutant embryos, HANC cells migration is delayed or disrupted, and COM muscles do not attach to the heart tip.
Results and Discussion
The Most Anterior, OFT-Forming Cardioblasts Do Not Originate from Cardiac Primordium. Our previous analyses (20) had revealed that the proper patterning of the OFT in Drosophila requires interactions between HANC cells and the Lb-expressing cardioblasts in the tip of the aorta. The establishment of this contact is facilitated by a pair of COM muscles that extend filopodia and attach from the ventral side to both the HANCs and to the pair of Lb-positive cardioblasts. Consequently, the final morphogenesis of the OFT depends on coordinated cell-cell interactions among the heart tip, migrating HANCs, and the dorsally growing COMs [see 3D OFT views in supporting information (SI) Movie 1] . During the OFT assembly, the most anterior cardioblasts undergo important morphological changes to form a funnelshaped tip of the cardiac tube. To better characterize this process, we decided to follow the OFT-forming cardioblasts during development. We first examined the number of cardioblasts that precede the most anterior pair of Lb-expressing cardioblasts in early stage-14 embryos before the COM muscles contact the tip of the heart. The dorsal ( Fig. 1 D and E) , the COM-associated Tin-positive cells also express Dmef2 (Fig. 1F ) and a spectrin superfamily member Msp300 ( Fig. 1 D-F) known to be expressed in somatic, visceral and heart embryonic muscles (35) . Because of similarities to the Tin-expressing cardioblasts from cardiac primordium, we named them the anterior cardioblasts (ACBs). At the beginning of stage 16, ACBs are already connected with the tip of the heart (open arrowhead in Fig. 1G ), and slightly later, they are no longer seen associated dorsally with the medial part of COMs (asterisk in Fig. 1H ) but appear as an additional pair of cardioblasts preceding Lb-positive cells (Fig.  1I , open arrowhead, and SI Movie 3). They extend between the ventral side of HANC cells and the dorsal extremity of COM muscles (Fig. 1H , open arrowhead) and adopt OFT-specific triangular shapes. Despite their distinct morphology, ACBs express canonical cardioblast markers such as Dmef2 and Tin and are Zfh1-negative (data not shown). Because the ACBs are initially associated with pharyngeal COM muscles, they most probably originate from the pharyngeal mesoderm. This indicates an additional similarity between Drosophila and vertebrate OFT morphogenesis revealing that the main components of the Drosophila OFT are of pharyngeal (COMs, ACBs) and epidermal (HANCs) origin. Moreover, COM muscles not only contribute to the cardiac outflow positioning, as shown (20) , but also serve as a scaffold for the ACBs, which associate with cardiac primordium and form a funnel-shaped OFT.
HANC Cells Are Required for Shaping the Cardiac OFT. The direct contact of ACBs with HANC cells suggests they may play a role in shaping OFT. To investigate the function of HANC cells in OFT morphogenesis, we attempted to ablate them using a reaper (rpr)-mediated induction of apoptosis. We used Esg-GAL4 driver to target rpr expression to HANC cells. Because Esg-GAL4 in addition to HANCs is also expressed in ring glands ( Fig. 2A) , we, in parallel, used a ring gland-specific driver P0206-GAL4 to induce apoptosis in ring glands only (SI Fig. 6 ). In wild-type embryos, at stage 16, the funnel-shaped OFT extending between COMs and HANCs can be revealed by anti-Msp300 staining (Fig. 2B) . The ACBs form cytoplasmic extensions dorsally underlying the HANC cells and ventrally aligned with the COM muscles ( Fig. 2B and SI Movie 1). This cardiac OFT architecture is compromised in Esg-GAL4;UAS-Rpr embryos lacking the HANC cells (Fig. 2C) .
The heart tip appears disorganized, and the ACBs are displaced and are no longer seen dorsally to COMs (Fig. 2C) . Moreover, the COM muscles attach to the Lb-positive cardioblasts in front and not from the ventral side. These defects are not seen in P0206-GAL4;UASRpr embryos, in which only the ring glands were ablated (SI Fig.  6B) . Thus, the altered COM attachments to the heart tip and a disrupted cardiac OFT morphology result from loss of HANC cells, revealing a pivotal role for HANCs in modeling the tip of the heart. Slit, Robo, and Shg Expression During OFT Morphogenesis. The precise spatial positioning of the OFT components originating from the distinct tissue primordia raises the question of how their assembly is controlled. We reasoned that the Slit-Robo signaling pathway that had been found to play a critical role in cardiac primordia assembly (26) (27) (28) and in the attraction of somatic muscle fibers to their tendonous attachment sites (29) is a good candidate for controlling the OFT morphogenesis. We also inferred from the previous work (30) that the DE-cadherin Shg that is expressed in the heart and involved in cardiac lumen formation may also control interactions between the HANC cells and the anterior cardioblasts. We first attempted to determine whether the candidate molecules are expressed in migrating HANC cells and the anterior heart tube. It has been shown that Slit is expressed in cardioblasts and in pericardial cells during embryonic stages 14 and 15 along the entire cardiac primordium (26) (27) (28) . Slit expression was also observed in the head region in cells that form the invaginating dorsal pouch (38). We observed a high level of Slit expression in HANC cells at the time they come into contact with cardioblasts ( Fig. 3 A and F) . Interestingly, expression of the Slit receptor Robo is also seen in migrating HANCs (Fig. 3 B and F) . In addition, Robo is particularly prominent in the dorsal pouch cells just anterior to HANCs (Fig. 3B) in which a low level of Robo2 is also observed (Fig. 3 C and F) . In a similar manner to Slit and Robo, Shg is expressed in migrating HANC cells at stage 14 ( Fig. 3 D-F) . Shg protein can be seen in membranes of the entire cluster of HANCs (Fig. 3D) , suggesting that it plays a role in keeping them associated. Shg can also be detected in membranes of cardioblasts and in the ring glands (Fig. 3D) , as described (30) . Using the Slit-GAL4;UAS-GFP line, we were also able to detect Slit expression in HANCs at stage 16 after OFT assembly (Fig. 3G) . At this time point, the Shg accumulates between HANCs and the most anterior pair of Lb-positive cardioblasts (Fig. 3H and SI Movie 4) at the exact site of the initial contact between the heart tip and the HANC cells. This accumulation suggests the formation of adherent junctions between the Lb-expressing cardiac and HANC cells. The finding that HANC cells express Shg prompted us to take a closer look at living Shg-GFP embryos (33) and follow the invaginating cells in time-lapse experiments. We observed the invagination of the dorsal pouch and the migration of HANC cells associated with a coordinated posterior-to-anterior movement of the dorsal head epithelium (SI Movie 5).
As discussed previously, proper assembly of the OFT also requires a pair of COM muscles derived from the pharyngeal mesoderm. These muscles attach to the Lb-positive cardioblasts and to the HANC cells, which were both found to express Slit. Thus, we questioned whether the extremities of the COMs, like other somatic muscles, express Robo receptors and use SlitRobo signaling for attraction. At stage 14, we were unable to detect Robo or Robo2 in growing COMs, most probably because their extremities are initially very narrow. However, slightly later, at stage 16, Robo2 protein was apparent within the COM muscles with a highest level at their attachment site (Fig. 3 I and  IЈ) suggesting that Robo2 may drive the Slit-mediated attraction of COM muscles.
Slit, Robo, and Shg Control HANC Cell Motility and Assembly of the OFT. Based on the observation that slit, robo, and shg are expressed in both cardiac cells and migrating HANC cells, we questioned whether loss of function of these genes would affect HANC cell movement and contact with cardioblasts. When observed from the dorsal side, the normal position of HANC cells entering into the contact with cardioblasts in wild-type stage-14 embryos was at the thoracic segment T2 (Fig. 4A) . Compared with the wild type, in age-matched slit (Fig. 4B) and in double robo mutant embryos (Fig. 4C) , the position of HANC cells was much more anterior (at the thoracic segment T1), strongly suggesting that the rate of migration had been affected. Statistically, delayed HANC cell migration appear in Ϸ87% of slit and 70% of double robo mutant embryos ( Table 1 ), indicating that slit and robo are both required but not sufficient to drive HANC movements. Moreover, among the two Robo receptors, loss of robo2 induces more penetrant migration phenotypes than loss of robo ( Table 1 ), indicating that COMs, expressing robo2, play an active role in the OFT assembly. To test whether Robo receptors are involved in slit-induced HANC migration phenotypes, we analyzed transheterozygous mutant embryos. It turned out that robo and robo2 contribute to the slit phenotypes (Table  1) whereas dock, which is known to act as an intracellular component of Slit-Robo-dependent repulsion (39), seems to have a minor role in HANC cell positioning (Fig. 4E and Table  1 ). Abnormal HANC cell positioning and the disruption of the contact with the heart tip is also apparent in shg mutants ( Fig.  4D and Table 1 ), revealing that Shg plays an instrumental role in HANC motility and in the OFT assembly. It has been demonstrated (26) that slit can interact with shg and trigger adhesive properties of cells. Therefore, we analyzed doubleheterozygous sli/ϩ;shg/ϩ embryos. Our data (Fig. 4F and Table  1 ) suggest that slit acts together with shg and contributes to the adhesive properties of HANC cells and thus to the proper patterning of the OFT. The fact that Shg is a part of ␤-catenindependent pathway linking cell adhesion with the dynamics of the actin cytoskeleton (40) provides a way by which Slit-Robo can control the adhesive properties of cells and their motility. To test in which cells slit and shg are required during OFT assembly, we crossed the heart (Tin-GAL4) and the HANC (Esg-GAL4) drivers with UAS-RNAi lines targeting slit and shg. We found that either cardiac-or HANC-specific attenuation of both genes (Table 1) can affect HANC cell migration, strongly suggesting that slit and shg function is required in both cell types. On the other hand, a pair of COM muscles, which attach to the HANC cells and to the most anterior Lb-positive cardioblasts in the aorta (20) , could also influence HANC cell positioning. To address this issue, we examined the attachment of COM muscles in slit mutant embryos in which HANCs migration is affected. As shown in Fig. 4H , in slit mutant embryos, COMs are not associated with the heart tip, even if some myopodia are projected in the right direction (arrowhead in Fig. 4H ). Thus, one possibility is that COMs are attracted to the heart tip via Slit-Robo signaling and that inability of COMs to interact with the heart tip in a slit mutant background contributes to the slowdown in HANC cell movements. The potential role of Slit in COM attraction is in agreement with expression of Slit in the cardioblasts (26) (27) (28) and Robo2 in COM muscles and is supported by the disrupted COM-heart cell contact in a musclespecific knockdown of robo2 via RNAi (Fig. 4J) . Because Slit is not restricted to lb-expressing anterior cardioblasts, the specificity of COM-heart interaction appears to be mediated by other mechanisms. On the other hand, loss of slit does not prevent COMs from interacting with HANC cells (Fig. 4H) , indicating that COMs can be attracted in a slit-independent way. There is also a possibility that, in slit mutants, the slowly moving HANCs hold COMs far from the source of attractive signals (heart tip), thereby hampering the ability of COMs to grow toward the heart. The importance of proper HANC cell migration on the interaction between COMs and tip of the heart is further supported by the loss of cardiac COM's attachment in shg mutant embryos (Fig. 4I) . Thus, it turns out that for growing COMs to reach the heart tip, they need to interact with properly migrating HANC cells. Both migration of HANC cells and attraction of COMs to the heart tip are compromised in slit mutant embryos revealing a pivotal role of Slit/Robo pathway in OFT assembly.
Cardiac OFT Assembly Reveals Additional Parallels Between the Drosophila and Vertebrate Heart Development. It is widely accepted that there are important similarities between the genetic control mechanisms that drive early heart development in Drosophila and in many other species (1) . On the other hand, the mammalian heart undergoes a complex morphogenesis, leading to the formation of a four-chambered heart, whereas the Drosophila heart is a simple linear tube subdivided on the posterior part forming the heart proper and the anterior aorta. Thus, the later aspects of heart morphogenesis were thought to be specific to vertebrates. However, our previous analysis (20) has revealed that the anterior part of the Drosophila cardiac tube undergoes complex morphogenesis leading to the formation of the cardiac outflow tract, which, like in vertebrates, involves a population of nonmesodermal cells. Here, we provide further evidence that OFT forms by coordinated migration and cell type-specific interactions of multiple cellular components (Fig. 5) .
HANC cells, a major OFT component (Fig. 5) , like the vertebrate cardiac neural crest cells, undergo migration, associate with cardiac primordia, and contribute to the final heart morphogenesis. A conserved family of Lbx/Lb homeodomain transcription factors is required for specification of both the Drosophila HANC and the vertebrate cardiac neural crest cells (20, 23) . As demonstrated here, the rate of HANC migration and the precise HANC-heart tip cell-cell recognition are regulated by the Slit/Robo/Shg pathway, which emerges as an effective system for controlling multicomponent organ assembly. Interestingly, the slit function is also required for proper migration of the neural crest cells (24, 25) revealing that common signaling molecules are involved in Drosophila and in vertebrate OFT formation. In addition, the cells originating from the pharyngeal mesoderm (secondary heart field) in vertebrates (21) and the pharyngeal COM muscles with a pair of associated ACBs described appear to have a highly specialized cardiogenic function. In Drosophila, COMs contribute to the positioning of the heart tip (20) , whereas the ACBs use COMs as a scaffold, associate with the aorta, and form the distal aspect of the OFT (Fig. 5B) . Moreover, the funnel-like shape of the ACBs and the proper attachment of COMs to the heart are HANC-dependent, making additional link between OFT components and suggesting the existence of a HANC-derived secreted factor(s) controlling the final shape of the heart tip.
Thus, the genetic control mechanisms and cellular components that contribute to cardiac OFT development further extend the homology between Drosophila and vertebrate heart formation.
Materials and Methods
Fly Stocks. The following mutant alleles were obtained from Bloomington Stock Center: slit 2 , shg 2 , shg k03401 , and dock 04723 . The robo GA285 ;robo2 4 , robo GA285 , and robo2 4 mutant alleles were kindly provided by B. Dickson (Research Institute of Molecular Pathology, Vienna) (31) . Mutant stocks were balanced with CyO, wg-lacZ to allow homozygous mutant embryos selection. The overexpression experiments were performed by using the UAS-GAL4 system (32) . The following GAL4 and UAS lines were used: Esg-GAL4 (NP: 5130; Kyoto Stock Center), 24B-GAL4 (32), Slit-GAL4 (from G. Technau, University of 
